ABSTRACT Peak rapid filling rate (PRFR) is often used clinically as an index of left ventricular relaxation, i.e., of early diastolic function. This study tests the hypothesis that early filling rate is a function of the atrioventricular pressure difference and hence is influenced by the left atrial pressure as well as by the rate of left ventricular relaxation. As indexes, we chose the left atrial pressure at the atrioventricular pressure crossover (PCO), and the time constant (T) of an assumed exponential decline in left ventricular pressure. We accurately determined the magnitude and timing of filling parameters in conscious dogs by direct measurement of phasic mitral flow (electromagnetically) and high-fidelity chamber pressures. To obtain a diverse hemodynamic data base, loading conditions were changed by infusions of volume and angiotensin LI. The latter was administered to produce a change in left ventricular pressure of less than 35% (A-1) or a change in peak left ventricular pressure of greater than 35% (A-2). PRFR increased with volume loading, was unchanged with A-1, and was decreased with A-2; T and PCO increased in all three groups (p < .005 for all changes). PRFR correlated strongly with the diastolic atrioventricular pressure difference at the time of PRFR (r = .899, p < .001) and weakly with both T (r = .369, p < .01) and PCO (r = .601, p < .001). The correlation improved significantly when T and PCO were both included in the multivariate regression (r = .797, p < .0001). PRFR is thus determined by both the left atrial pressure and the left ventricular relaxation rate and should be used with caution as an index of left ventricular diastolic function.
RELAXATION ABNORMALITIES are one of the earliest manifestations of cardiac dysfunction and frequently precede systolic dysfunction in many disease states.'' Early filling function has been evaluated in a variety of diseases, e.g., coronary artery disease, hypertrophic cardiomyopathy, hypertensive heart disease, aortic valve disease, and congestive cardiomyopathy.'6 Since its introduction by Weiss et al.,17 the time constant (T) of an assumed exponential isovolumetric pressure decline has been accepted as a good indicator of early cardiac function and is now frequently measured during cardiac catheterization to evaluate left ventricular relaxation. 3' 4, 7, 12, 14 Because this direct index of isovolumetric relaxation requires an invasive measurement of left ventricular pressure, many investigators assume that left ventricular relaxation can be assessed indirectly by estimating early diastolic filling. For example, peak rapid filling rate (PRFR) has been derived from radionuclide angiography, 10 11, 16 peak rates of chamber or wall dimension change have been measured from M mode echocardiograms,6, 9 15 and peak rapid filling velocity has been determined with Doppler ultrasound. '3 These approaches are based on the principle that the falling ventricular pressure contributes to the generation of the atrioventricular pressure difference that accelerates the blood across the mitral valve. 19 To analyze the effect of changes in one parameter when all other parameters were held constant (an approach that is difficult if not impossible in the conscious dog), we have included as an Appendix a series of computational studies using a lumpedparameter electric analog of early filling dynamics.
Methods
Animal preparation. Eight large mongrel dogs, 25 to 30 kg, were anesthetized with sodium pentobarbital (30 mg/kg iv) and artificially ventilated with a mixture of room air and oxygen. After a left thoracotomy in the fifth intercostal space under sterile conditions, the pericardium was opened and the heart was supported in a pericardial cradle. During cardiopulmonary bypass, the left atrium was opened at the appendage and a circular electromagnetic flow probe (Carolina Medical Electronics) with a Teflon sewing ring was sutured to the mitral anulus with special care taken to avoid interference with cusp and ring motion, as previously described. 19 High-fidelity micromanometers (Koenigsberg P-6.5) were inserted into the left ventricle and atrium via the apex and appendage, respectively. After the chest was closed, the wires and connectors were exteriorized in the intrascapular region. The dogs were permitted to recover for a minimum of l week and were trained to lie quietly on the experimental table. Antibiotics, analgesics, electrolytes, and anticoagulants were administered as required.
Hemodynamic data and the electrocardiogram were recorded on an oscillographic recorder (Electronics for Medicine DR-12) at a paper speed of 100 nmr/sec. The rate of rise of left ventricular pressure (dP/dt) and the phonocardiogram were derived from the micromanometer signal. Phasic mitral flow was measured with a square-wave electromagnetic flowmeter (Carolina Medical Electronics 501). Zero level for mitral flow was determined during systole and long diastoles (figure 1). Both pressures were set for equal sensitivity and were adjusted to a common baseline by matching them during long diastoles (figure 1 Accessories Corp. GP-7) coupled to a microcomputer (IBM-PC). Figure 1 , left, illustrates a typical control cardiac cycle and the measured parameters. The time course of the fall in left ventricular pressure from minimum dP/dt to the atrioventricular PCO, i.e., the time of mitral valve opening,19 was characterized by the time constant (T) of an assumed exponential decay to zero pressure, P = Po exp(-t/T), 17 PRFR, atrioventricular pressure difference at the time of PRFR [(LAP-LVP)maxl, time from minimum dP/dt to PRFR (t-PRFR), filling volume to PRFR (FV-PRFR), and total filling volume (FV) were determined from the digitized mitral flow curve (figure 1).
One control cycle and one intervention cycle, each at endinspiration, were analyzed for each intervention. In some cases the same intervention was performed in the same dog on different days, and not every intervention provided data suitable for analysis in each dog. To partition out variance due to differing responses among dogs, and due to the fact that there was more than one data point for some dogs, multiple linear regression was performed with n -1 dummy variables, where n equals the number of dogs. 20 Because the value of the resistive coefficient (B) in the equation of motion is different for each dog, we used the ratios of paired data, intervention divided by control (i/c), henceforth called normalized values, to eliminate interindividual differences in mitral valve impedance. This approach also removed possible errors in flow probe calibration. For example, [PRFR] i/c was correlated with [(LAP-LVP)maxji/c. Control and intervention data are presented as mean + SD and were tested for significant changes by paired t test. Changes in data and correlation coefficients were accepted as significant at the p < .05 level.
Results
Effect of augmented ventricular loading on early filling dynamics Increased blood volume. Representative original oscillographic records illustrating the hemodynamic effects of volume infusion are shown in figure 1 . Peak left ventricular pressure, left ventricular end-diastolic pressure, and left atrial pressure all increased substantially, as did T and heart rate. Despite the slowing of relaxation, PRFR increased in association with the increase in the atrioventricular pressure difference. This was due to an increase in left atrial pressure at the moment of mitral valve opening (PCO), which was larger than the small increase in minimum left ventricular pressure. sure increasing more than PCO. The increase in T was larger in this case than in the former. A reflex decrease in heart rate in response to the elevated systemic pressure was observed in both cases. ventricular pressure difference (57%). Thus, PRFR increased 24%, FV-PRFR increased 26%, and t-PRFR decreased 8%. Because preliminary analysis indicated that the hemodynamic effect of increased afterload on early filling dynamics depended on the degree of the increase, as demonstrated in figures 2 and 3, we analyzed the responses to angiotensin by dividing the results into two groups: A-1 (peak left ventricular pressure increase < 35%) and A-2 (peak left ventricular pressure increase > 35%). The increased afterload caused a reflex decrease in heart rate and probably a decrease in contractility, because maximum dP/dt decreased despite the increase in peak left ventricular pressure. T increased significantly in both groups, but it was more pronounced after A-2 (36% vs 25%), reflecting the increase in ventricular load and decrease in contractility. Minimum left ventricular pressure increased in both groups, but the change was substantially greater after A-2. Because PCO increased equally in both groups, the maximum atrioventricular pressure difference and PRFR were maintained after A-1, but decreased after A-2. FV-PRFR followed the same pattern as PRFR in both groups, and t-PRFR increased in both groups (6% and 17%).
Thus, despite a prolongation of relaxation (increased T) under all three loading conditions, early filling dynamics (PRFR) showed different changes (table 1), indicating that PRFR is not solely determined by the left ventricular relaxation rate (T). Because left atrial pressure at the onset of filling (PCO) increased in all three groups, it may be postulated that the increase in PCO minimized or overcame the effect of slowed relaxation on PRFR.
Determinants of PRFR. As shown in figure 5 , when the data were analyzed with the use of the normalized values (i/c), PRFR correlated strongly with (LAP-LVP)max (r = .899, p < .0001), thus proving the validity of our conceptual approach (see Methods). This excellent correlation also means that PRFR should be determined by the factors that determine the atrioventricular pressure difference at peak mitral flow.
The major determinants of the atrioventricular pressure difference during early diastole should be the rate and duration of left ventricular relaxation, passive left ventricular compliance, the end-systolic volume (characterized by minimum left ventricular pressure), the left atrial pressure at the onset of mitral inflow, and the compliance of the left atrium (determining the rate of fall of left atrial pressure). In our effort to make this study relevant to current clinical practices, we then analyzed the relationships between PRFR, T, and PCO using the statistical methods described above. Figure 6 shows the correlation between the normalized t-PRFR and T. There is a statistically significant and moderately strong correlation (r = .560, p < .001). Since t-PRFR encompasses the duration of isovolumetric relaxation as well as the time from onset of filling to PRFR, the large variance in the data is not surprising. When measured from the onset of filling (PCO-PRFR), the t-PRFR does not change with changes in loading conditions (table 1) , and hence it is not a meaningful index of early filling dynamics.
It is also interesting to note that the early filling volume (FV-PRFR) correlated highly with PRFR (r = .801, p < .001) (figure 7), and that the average FV-PRFRIFV calculated from all the data (control and intervention) was 
Discussion
The measurement of early filling by contrast and radionuclide angiography and by ultrasonography has been used for the detection of diastolic dysfunction in patients with various heart diseases.',',"' Based on experimental and clinical evidence that the impairment of left ventricular relaxation may occur before systolic dysfunction in many disease states,1'5 and based on the assumption that the rate of ventricular relaxation is an important determinant of early diastolic filling, many clinicians have attempted to determine early abnormalities in left ventricular relaxation by estimating early filling function, and in particular, by using the PRFR as an index.7', 10, 11, 13, 14, 16 The loading interventions used in this study, increased preload and afterload, are known to change the rate of left ventricular relaxation in ways that are consistent with the results of this study (see Brutsaert et al.',2 for reviews). However, we do not know what these interventions would do to diastolic function in the diseased heart, nor do we know how changes in the rate of isovolumetric relaxation will affect diastolic events after the onset of filling. Alterations in relaxation in patients with coronary artery disease, for example, have been shown to be accompanied by decreases in passive left ventricular compliance, presumably due to incomplete deactivation. 2, 22 It is physically, indeed intuitively, clear from first principles that the transmitral flow rate is determined by the driving pressure difference and the impedance to flow. At the moment of peak flow there are no accelerative forces [d(MiF)/dt = 0] and the flow rate, i.e., the PRFR is proportional to the atrioventricular pressure difference at that time ( figure 5 ). The sensitivity of the PRFR as an index of diastolic function is thus determined by the interaction of all the factors that determine the driving pressure gradient. Clearly, the rate of pressure fall will influence the rate at which the pressure difference is established. But the pressure difference is also determined by the magnitude of the left atrial pressure at the time of mitral valve opening and its fall as the atrium empties, and by the left ven- 2.0 r I tricular pressure minimum which is, in turn, determined by the end-systolic volume, the rate and duration of relaxation, and the passive viscoelastic properties of the myocardium during filling. 8 Once the mitral valve opens and filling starts, the fall in ventricular pressure as well as the fall in atrial pressure are determined by the elastic properties of the chambers. The process of filling then interacts with the driving pressure gradient and none of the parameters discussed above are independent of each other. Given such a complex situation, it is no wonder that the simple correlations of PRFR with T, and of PRFR with PCO, although statistically significant, have weak correlation coefficients (see also Fioretti et al. 7 and Magorien et al. '6) . Multiple regression of PRFR with T and PCO improved the goodness of fit (r = .635), thereby demonstrating the combined effects of relaxation and filling pressure, but it also revealed that other factors must be considered.
One unknown, but probably small, source of variance is in measurement error: determining flow baseline, matching pressure baselines at relatively short diastolic filling periods, and the calculation of T from a rapidly changing waveform. The use of a simple exponential to calculate T may also introduce some variability. We24 and others23 have shown that isovolumetric left ventricular pressure does not decay exponentially. But we have also shown that the calculation of T based on the assumption of monoexponential decay to a zero asymptote is a reasonable approach to characterizing the rate of pressure fall.24 In particular, when the same method is used for all the calculations the effect is small and the results consistent. 25 Another source of variance is the use of the PCO as an index of maximum atrioventricular pressure difference. We have chosen PCO because it is a more clearly defined point than (LAP-LVP)max, and less subject to artifact, particularly in the clinical setting. Furthermore, the PCO can be estimated from the time at which unopacified blood enters the ventricle during left ventricular cineangiography with simultaneous measurement of left ventricular pressure.T his study was designed to change the loading conditions on the ventricle in ways that change the determinants of early filling and that also mimic changes occurring in cardiac disease. To our knowledge, except for a preliminary report from this laboratory,26 this is the first time this problem has been attacked by directly measuring phasic transmitral blood flow and chamber pressures in the conscious dog.
In a narrow sense, we have demonstrated conclusively that the PRFR is determined by the driving atrioventricular pressure difference (figure 5), that changes in left atrial pressure can minimize or overcome the effects on early diastolic filling of changes in the rate of left ventricular relaxation,7' 14, 15 and that changes in the atrioventricular driving pressure difference can be estimated by changes in the left atrial pressure at mitral valve opening. 14 We have also shown that the t-PRFR is a better predictor of relaxation rate (T) than the PRFR (r = .560 vs r = .369), and that the PRFR is a good predictor of early filling volume ( figure 7) .
In its broadest sense, this study clarifies the dynamic interaction of cardiac properties that are known to be affected by disease, i.e., rate of ventricular relaxation and left atrial pressure, and demonstrates their effects on the phasic waveforms of pressure and flow across the mitral valve (figures 1 to 3) . We trust that these highly invasive studies from the experimental animal laboratory will clarify the physiologic dynamics of ventricular filling and thereby facilitate the interpretation of results obtained with less invasive methods in the clinical setting.
Despite the fact that we have demonstrated the interaction of relaxation and filling pressure in determining early filling dynamics, it is clear from the variance in the data that not all factors have been considered. Obviously, in the conscious dog it is not possible to control all parameters but one, and to study the effect of that one variable. Furthermore, physical properties, e.g., atrial compliance, may vary with changes in loading conditions, and we have not been able to consider such effects in this study. To solve these problems and to further clarify the physiology of early filling dynamics, we offer the following computational model as 
